Abstract: There are many good reasons to study ionic liquids as catalyst phases in continuous processes. Besides the engineering advantage of their non-volatile nature, their adjustable solubility and coordination properties are of special interest as they allow a systematic optimisation of ionic liquid-organic biphasic catalysis, ionic liquid-compressed CO 2 biphasic catalysis as well as supported ionic liquid phase (SILP) catalysis. But which catalytic reaction should be optimized using the ionic liquid approach? This contribution summarizes in its first, general part important pre-requisites with respect to reactants, products, catalytic active species and reaction conditions that make continuous catalytic operation using ionic liquids more or less promising. In the second part different examples from published process development studies are presented illustrating the aforementioned principles and demonstrating different options for technical realisation.
Introduction
Catalysis in ionic liquids is a field of great research activity (in particular over the last five years) which has also generated an extensive reviewing practice. Latest examples originated from Welton [1] , MacFarlane [2] , and Pozzi [3] and compiled the development of the research field in a more or less comprehensive way, though with slightly different emphasis from their specific, different viewpoints. These four up-dated earlier published reviews by Dupont [4] , Zhao [5] , Haag [6] , Dobbs [7] , Olivier-Bourbigou [8] , Sheldon [9] , Gordon [10] , Wasserscheid [11] , Welton [12] and Seddon [13] on the same topic.
Obviously, there are many good reasons to study ionic liquids as alternative solvents in transition metal catalyzed reactions. Besides the engineering advantage of their non-volatile nature, the investigation of new biphasic reactions with an ionic catalyst phase is of special interest. The possibility of adjusting solubility properties by different cation/anion combinations allows a systematic optimisation of the biphasic reaction (e.g., with regard to product selectivity). Attractive options to im- † To whom all correspondence should be addressed.
(e-mail: wasserscheid@crt.cbi.uni-erlangen. de) prove selectivity in multiphase reactions derive from the preferential solubility of only one reactant in the catalyst solvent or from the in-situ extraction of reaction intermediates out of the catalyst layer. Moreover, the application of an ionic liquid catalyst layer enables a biphasic reaction mode in many cases where this is not possible using water or polar organic solvents (e.g., due to incompatibility with the catalyst or one of the substrates).
However, the concept of using ionic liquids in catalysis (and in particular in transition metal catalysis) brings along some general features that have to do with the general properties of ionic liquids. While many properties of ionic liquids (e.g. density, viscosity, solubility etc.) are tuneable in a wide range, others are more or less intrinsic to the approach. Therefore a catalytic reaction has to fulfil some distinct pre-conditions to combine it successfully with the ionic liquid approach. These pre-requisites become even stricter when the catalytic reaction is intended to be carried out in a continuous mode as in this case aspects of catalyst lifetime and robustness become much more relevant.
In our laboratories we have been dealing over the last 10 y with applying ionic liquids in continuous catalytic processes. In this context, the following pre-requisites have been identified to be of relevance to evaluate the suitability of the ionic liquid approach for a given cata-lytic application.
Pre-requisite 1: Ionic Liquid Stability under Process Conditions
A far from trivial point is ionic liquid stability under the conditions required for the catalytic application under investigation. This point becomes especially important given the fact that in far the most cases continuous process development will aim for an extensive ionic liquid recycling which naturally implies special requests for longterm stability issues.
Ionic liquid stability is known to be a function of temperature but also the presence of nucleophiles/bases and water content have to be considered. It is important to know that under the conditions of a catalytic reaction temperature stability issues are more complicated than under the conditions of a TGA experiment. The presence of the catalytic active species, of the reactants and of impurities may well influence the thermal stability of the ionic liquid. Basic and nucleophilic counter-ions, reactants and metal complexes may not only lead to deprotonation of 1,3-dialkylimidazolium ions (to form carbene moieties that will further undergo consecutive reactions) but will also promote thermal dealkylation of the ionic liquid's cation. If basic reaction conditions are required for the catalysis only tetraalkylphosphonium ions can be recommended as the ionic liquid's cation at this point in time [14] . All nitrogen based cations have to be expected to suffer to some extent from either carbene formation, Hofmann elimination or rapid dealkylation (with alkyl transfer onto the nucleophilic anion) under basic conditions.
Water is likely to be present in all practically relevant catalytic applications unless extreme pre-cautions are taken or the system is self-drying (e.g., due to the fact that strong Lewis-acids or metal alkyls are used as cocatalysts). Water will influence the ionic liquid's thermal stability significantly if any part of the ionic liquid is prone to hydrolysis. Apart from the well-known hydrolysis lability of tetrafluoroborates and hexafluorophosphates, water will thus also affect the stability of ester functionalities in the ionic liquid, e.g. the stability of alkylsulfate anions. The presence of Brnsted acidity in the reaction system will further promote this kind of thermally induced hydrolysis reaction. Additionally, in strongly Lewis-acidic ionic liquids care has to be taken to avoid incompatibilities among oxygen and nitrogen functionalities in the reactants (or impurities) and the ionic liquid's Lewis acidic group (usually a complex anion). It is for example obvious that the Pd-catalyzed dimerization of methylacrylate can not be carried out in acidic chloroaluminate ionic liquids since the ionic liquid's anion would decompose in an irreversible reaction with the substrate methylacrylate.
Taking all these aspects into account and trying to come to a general view on the thermal stability of ionic liquids in catalytic processes we can safely state today that the chance to identify a sufficient thermally stable ionic liquid for a continuous catalytic process is quite realistic if the temperature is not exceeding 180 o C. This, by the way, is also the temperature limit encountered for the stability of most organometallic transition metal complexes used in homogeneous catalysis.
Pre-requisite 2: High Catalyst Solubility in the Ionic Liquid without Deactivation
In some applications the ionic liquid itself is the catalytic phase which naturally leads to a very high concentration of catalytically active species (e.g. [Al 2 Cl 7 ] -and [Al 3 Cl 10 ]
-in strongly Lewis acidic ionic liquids). With regard to transition metal catalysis catalyst solubility is also not a strong concern in most cases. Many transition metal complexes are polarisible enough to be well soluble in most ionic liquids. However, it is important to consider the ability of the ionic liquid to interact with the coordination sites of the metal complexes involved in the catalytic cycle. Ionic liquids are very likely to form catalytically active ionic catalyst solutions with a given transition metal catalyst if the latter is neither extremely electrophilic (acidic) nor extremely nucleophilic (basic). While extremely electrophilic catalyst complexes are likely to strongly coordinate even those anions of the ionic liquid solvent which are generally regarded as weakly coordinating, extremely nucleophilic catalytic centers are likely to react with the ionic liquid's cation. Carbene complex formation by oxidative addition as well as dealkylation of the cation are possible deactivation pathways of the catalyst in such a case.
Pre-requisite 3: High Substrate Concentration in the Ionic Catalyst Solution
Usually, the rate of a catalytic reaction is increasing if a higher concentration of the substrate is available in the catalyst phase. The concentration of available feedstock depends in multiphasic catalysis on both the thermodynamic equilibrium solubility of the reactant in the ionic liquid and on the mass transfer rate of the reactant into the ionic reaction medium. Special attention should be given to the solubility of gaseous reactants and to the fact that solubilities are usually strongly dependent on temperature and pressure.
Potential limitations by mass transfer issues become more likely if the reactivity of the transition metal complex in the ionic liquid is high (thus quickly converting all reactant entering the catalytic phase), the size of the reactant is big and the viscosity of the ionic liquid under the reaction conditions is high (diffusion coefficients become small for the diffusion of big molecules into highly viscous media). Therefore the application of low viscous ionic liquids is particularly advisable if the catalyst complex dissolved in the ionic liquid is likely to be highly active.
Pre-requisite 4: Straight Forward Product Isolation from the Ionic Catalyst Phase
Since ionic liquids have no vapour pressure, one of the usual methods of product isolation, evaporation of the solvent, is not an option. The product isolation techniques available are distillation/sublimation of the product from the ionic liquid, precipitation of the product and extraction of the product into another solvent. In the latter case it is imperative to have the product soluble in an extracting solvent but the catalyst still well immobilized in the ionic liquid, so that the catalyst remains in the ionic liquid phase. This prevents the need for subsequent purification steps to remove the catalyst from the product. In many situations, e.g. in cases where solid reactants have only limited solubility in the ionic liquid, it is preferable to have the extracting solvent already present during the reaction. Figure 1 gives a list of well-known options to isolate reaction products from ionic liquid catalyst solutions. It is quite obvious that the operating effort increases with going up the list. In the same order the suitability of the different isolation options for continuous processing decreases. Obviously, the separation effort is strongly related to the specific product properties making certain products much easier recoverable from ionic catalyst solutions than others.
Pre-requisite 5: Recyclability and Processibility
It is pointless to immobilize and recycle a bad catalyst. That in particular is true for catalyst immobilization in ionic liquids. "Bad" may mean in some cases that the catalyst does not meet the activity or selectivity criteria to justify any recycling. "Bad" may mean in other cases that a very selective and also initially quite active catalyst shows poor long-term stability. Obviously, one can easily waste a lot of time in immobilizing an intrinsically unstable catalyst complex in an ionic liquid. Exceptions to this general rule may arise if the ionic liquid shows significant stabilizing effect for the active catalytic species. Without doubt, it is much more advisable in such a scenario to focus development resources on exploring potentially stabilizing ionic liquid-catalyst interactions rather than trying to fight metal leaching into the organic phase. Once a very stable ionic catalyst solution has been identified that shows all required selectivity and productivity characteristics, a continuous catalytic application can be envisaged. In this context, some additional aspects have to be taken into account. A first one concerns the ease of phase separation that will determine the size of the separator unit and thus the ionic liquid hold-up required. Another very important aspect is the building-up of side-products or feedstock impurities in the ionic catalyst phase. Side-products and impurities that are likely to build up in the ionic liquid are relatively polar in nature and this brings along a significant risk for unfavourable interactions with the transition metal catalyst complex. Apart from this, all building-up of undesired components in the ionic liquid will also affect the ionic liquid's physico-chemical properties. Therefore, a continuous building-up of components in the ionic catalyst phase that is not restricted by thermodynamic limits (e.g. solubility limits) will always require an extensive purge of the ionic catalyst solution.
This review highlights different options to transfer catalysis in ionic liquids into continuous processes. By doing so it intends to show ways to bring the ionic liquid technology closer to catalytic bulk chemical production.
There is no intention to be comprehensive. All examples are selected to illustrate the general and conceptual aspects that form the core of this contribution. 
Liquid-liquid Biphasic Catalysis
Biphasic catalysis in a liquid-liquid system is an approach to combine the advantages of both homogeneous and heterogeneous catalysis. The reaction mixture consists of two immiscible solvents. Only one phase contains the catalyst, allowing easy product separation by simple decantation. The catalyst phase can be recycled without any further treatment. However, the right combination of catalyst, catalyst solvent and product is crucial for the success of biphasic catalysis [15] . Even more attractive is the possibility of optimizing the reaction's activity and selectivity by means of a biphasic reaction mode. This can be realized by in-situ extraction of catalyst poisons or reaction intermediates from the catalytic layer (see e.g. [16] for examples). However, to benefit from this potential, even more stringent requirements have to be fulfilled by the catalyst solvent since the latter has to provide a specific, very low solubility for the substances that are to be extracted from the catalyst phase under the reaction conditions. Figure 2 demonstrates this concept, exemplified for an oligomerization reaction. The dimer selectivity of the oligomerization of compound A can be enhanced significantly if the reaction is carried out in biphasic mode using a catalyst solvent with high preferential solubility for A. The A-A formed is then readily extracted from the catalyst phase into the product layer, which reduces the chance for the formation of higher oligomers A-A-A and A-A-A-A.
Keeping all these circumstances in mind, it becomes understandable why the use of traditional solvents for biphasic catalysis (e.g., water or butandiol) has only been able to fulfill this potential in a few specific examples [17] . Whereas, this type of highly specialized liquid-liquid biphasic operation is an ideal field for the application of ionic liquids, mainly due to their exactly tuneable physico-chemical properties. Very recently it has been demonstrated that the solubility and miscibility properties of ionic liquids can be varied so widely that even mutually immiscible ionic liquids can be realised [18] . However, applications of these ionic liquid-ionic liquid biphasic systems in catalysis have not yet been described.
Reviewing the so far published literature about transition metal catalysis in ionic liquids it becomes quite clear that by far the greatest part of the work has been carried out in form of liquid-liquid biphasic catalysis. There are three convincing arguments to choose this reaction mode. a) In this way the catalyst complex immobilized in the ionic liquid can be easily recycled.
b) Liquid-liquid biphasic catalysis is a very efficient way to reuse the relatively expensive ionic liquid itself. Thus -for a commercial application -the ionic liquid may be seen as an investment for the process (in an ideal case) or at least as a "working solution", which means that only a small amount has to be replaced after a certain time of application. In fact, for any kind of recycling process the ionic catalyst solution (transition metal complex + ionic liquid) has to be regarded as an entity. With regards to this aspect liquid-liquid biphasic catalysis with ionic liquids is better regarded as a kind of heterogeneous catalysis using a liquid, non-volatile support material which is a fundamentally different approach compared to conventional homogeneous catalysis in an organic solvent. c) Most catalytic applications using ionic liquids aim to realise beneficial effects with the lowest possible amount of ionic liquid present in the system. A fully soluble ionic liquid would thus lead to the situation that a very little amount of ionic liquid would be dissolved in a large volume of reaction mixture. In such a scenario the ions of the ionic liquid would be present as either fully dissociated and solvated cations/anions or as solvated ionpairs depending on the polarity of the reactants. But can this still be regarded as being an ionic liquid? In contrast, an immiscible ionic catalyst solution retains its specific ionic liquid character even if the immiscible, organic reactant/product phase is used in large volumetric excess. Many transition metal complexes dissolve readily in ionic liquids, a special ligand design is usually not necessary to get catalyst complexes dissolved in the ionic liquid. However, the application of ionic ligands can be an extremely useful tool to immobilize the catalyst in the ionic medium. In applications where the ionic catalyst layer is intensively extracted with a non-miscible solvent (i.e., under the conditions of a continuous biphasic catalysis) it is important to make sure that the amount of catalyst washed from the ionic liquid is extremely low. Figure 3 displays a selection of ionic ligands that have been successfully used to immobilize transition metal complexes in ionic liquids.
In the following paragraphs three different ways to realise continuous liquid-liquid biphasic reactions are shortly highlighted. All three examples have been described in the context of process development efforts using ionic liquids as either catalyst phase (butane dimerization and toluene alkylation) or as scavenging phase for the removal of HCl from the reaction mixture (BASIL TM -process).
Continuous Stirred Tank -The IFP DIfasol Process
The Institut Franҫais du Pétrole (IFP) has developed and commercialized a process, named Dimersol X, based on a homogeneous catalyst, which selectively produces dimers from butenes. The low-branching octenes produced are good starting materials for isononanol production. This process is catalyzed by a system based on a nickel(II) salt, soluble in a paraffinic hydrocarbon, activated with an alkylaluminum chloride co-catalyst directly inside the dimerization reactor.
Despite all the advantages of this process (e.g. high activity and selectivity under mild process conditions), one main drawback of this homogeneous process is the continuous catalyst carry-over by the products, with the need to deactivate and dispose of Ni-wastes.
IFP researchers such as Chauvin and Olivier-Bourbigou identified biphasic operation using 1,3-dialkylimidazolium chloroaluminate ionic liquids as a promising way to overcome this problem. These ionic liquids show a sufficient solubility for butenes and poor miscibility with the products. Furthermore, the chloroaluminate ionic liquids efficiently dissolve and stabilize the nickel catalyst without the addition of special ligands. In this application the ionic liquid plays the role of both the catalyst solvent and the co-catalyst.
IFP has evaluated this biphasic system in terms of activity, selectivity and lifetime using a continuous flow pilot operation [19] . For these experiments a continuous CSTR with subsequent phase separator has been applied (Figure 4) .
In these continuous experiments Raffinate II (a representative industrial feed composed of 70 wt% butenes of which 27 % was 1-butene) entered continuously into the well mixed reactor containing the ionic liquid and the dissolved nickel catalyst. Injection of fresh catalyst components was possible to compensate for the detrimental effects of random impurities present in the feed. The reactor was operated full of liquid. The effluent (a mixture of the two liquid phases) left the reactor through an overflow and was transferred to a phase separator. The separation of the ionic liquid (density around 1.2 kg L -1 ) from the oligomers occured rapidly and completely. The ionic liquid and the catalyst were recycled to the reactor. With this set-up a continuous run over a period of 5500 h could be demonstrated. Throughout the whole run, the conversion of butenes was more than 70 wt% and the octene selectivity was around 95 wt%. This is about 10 wt% more than the selectivity obtained with the monophasic homogeneous Dimersol X reflecting the efficient extraction of the C8 products from the catalyst phase that avoids consecutive C12 formation. Thus with the biphasic system, octene selectivity remained higher than 90%, even for 80 wt% butene conversion. In contrast, in the monophasic Dimersol system, at high monomer conversion, high concentration of dimers induces increasing production of trimers and tetramers through a consecutive mechanism. After the 5500 h of run, the test was deliberately stopped. The addition of fresh ionic liquid was not required during the test, which demonstrates the stability of the ionic liquid under the reaction conditions. Relative to the homogeneous Dimersol process, the nick- el consumption was decreased by a factor of 10.
Loop Reactor with Internal Separator-Isopropylation of Toluene
Ionic liquids containing or dissolving a substantial amount of AlCl 3 are known to act as highly efficient catalyst for Friedel-Crafts alkylation reactions [20] . However, recycling experiments to demonstrate the recyclability of the acidic ionic phase have been usually carried out in repetitive batch mode and losses in activity (especially at higher recycling rates) have been described [21] . However, these findings may not necessarily indicate catalyst instability but are often a direct consequence of the repetitive batch experiment. The latter methodology suffers from the necessity to completely recover the catalyst phase after a run for proper re-injection into a new batch. Some loss of catalyst phase and contamination with traces of humidity are usually inevitable at least to some extend in this procedure leading to deactivation due to the extreme hygroscopic nature of the Lewis-acidic ionic liquids systems.
In contrast, the catalyst stability of acidic ionic liquids in Friedel-Crafts alkylation can be more realistically evaluated under the fully inert conditions of a continuous reaction/extraction experiment. This has been demonstrated recently for the isopropylation of toluene catalyzed by ionic liquids of the general type cation] [(CF 3 SO 2 ) 2 N]/AlCl 3 (ratio 1: > 1.5) using a continuous loop reactor with internal phase separator as shown in Figure 5 [22] .
Prior to the catalytic experiment, the ionic catalyst solution was placed into the reactor loop. The organic feedstock components were continuously fed and after passing an internal phase separator the products were continuously discharged. Thus, in contrast to the use of an external separation, all catalyst was always present in the reactor. This allowed a direct investigation of the catalyst reactivity by analysis of the isolated products. In the loop reactor, the liquid-liquid biphasic reaction mixture was circulated by a circulation pump with high flow rates (4 L/min). Under this condition two static mixers in the reactor loop provided an efficient dispersion of the ionic catalyst solution in the organic phase. Two cooler/heater ensured full temperature control. As the loop circulation flow was large compared to the continuous inflow of feedstock and outflow of products, the system in use was characterized by a CSTR-like residence time distribution. Additionally, the loop reactor concept offers a high heat exchange surface for isothermal operation.
Using this reactor concept it could be demonstrated that the immobilisation of Lewis acids in ionic liquids offers a new and very attractive method to continuous, liquid-liquid biphasic Friedel-Crafts alkylation reactions [22] . The miscibility gap of the aromatic products with the catalyst phase combined with a significant density difference between catalyst phase and product mixture (ca. 0.6 g/mL) enabled very effective product separation in the internal gravity separator of a loop reactor. The catalyst system [BMIM][(CF 3 SO 2 ) 2 N]/AlCl 3 = 1/2.5 was applied in a 18 h continuous run in which more than 18 litres of reaction mixture were processed in the reactor with yields greater than 90 % with respect to the stoichiometric limiting component propene. The acidity of the catalyst system decreased in the first 8 h from 2.5 to 2.1 due to Al-leaching into the organic phase. This change in acidity resulted in a pronounced change in selectivity to the different cymene isomers. Interestingly, the system stabilized at [BMIM][(CF 3 SO 2 ) 2 N]/AlCl 3 ratio of 1/2.1 for the remaining 10 h of the experiments in which stable activity and stable selectivity could be demonstrated.
Jet Reactor BASF
TM Process In 2002 BASF established the first dedicated industrialscale ionic liquid based process [23] . The "Biphasic Acid Scavenging utilizing Ionic Liquids (BASIL TM )" process is used for the synthesis of alkoxyphenylphosphines, which are important raw materials for the production of photoinitiators to cure coatings and printing inks by exposure to UV light. HCl is formed during the synthesis of diethoxyphenylphosphine (Scheme 1). Scavenging with a tertiary amine produces a thick, nonstirrable slurry. This leads to severe problems to provide appropriate heat transfer and results in low efficiency (slow addition of reactants is necessary, additional solvents have to be added). Finally, the tedious filtration process after reaction forces the whole process into a batch operation in which the addition of the components is carried out in a batch-wise operated stirred tank. Maase and coworkers at BASF solved these problems in the diethoxyphenylphosphine production in a very elegant and successful manner by using an ionic liquid precursor, namely 1-methylimidazole, as acid scavenger. Doing so, 1-methyl-imidazolium chloride is formed during the process as a colorless liquid (its melting point is 75 o C). By a closer look to the system, the BASF researchers revealed that 1-methylimidazole is not only an acid scavenger. Moreover, it helps in setting the acid free and therefore acts as a nucleophilic catalyst [24] . Due to this fact the phosphorylation reaction is complete in less than a second. Due to the successful elimination of the solid from the process and due to the drastically increased reaction rate the reaction could be transferred in a continuous jet reactor. The commercial jet reactor has only the size of a thumb ( Figure 5 ). In total the change from the "old" technology to the BASIL TM process led to increase the productivity by a factor of 8⋅10 4 to 690.000 kg m -3 h -1 . The commercial process in a dedicated BASIL TM plant using this jet stream reactor technology started in 2004. This example reflects impressively the potential of ionic liquids to realize massive advances in process intensification.
Supported Ionic Liquid Phase (SILP) Catalysis
The principle of the Supported Ionic Liquid Phase (SILP) catalyst technology involves surface modification of a solid material by an ionic liquid coating. The ionic liquid coating constitutes a thin film, which is confined on the surface of the solid by various methods such as, e.g. physisorption, tethering, or covalent anchoring of ionic liquid fragments [25] . By an appropriate choice of the ions contained in the ionic liquid material, it is possible to transfer specific properties of the fluid to the surface of a solid material. In the case of catalytic SILP materials, the SILP concept allows tailor making of a catalyst by confining a catalytically active, ionic liquid-transition metal complex solution onto the surface. Figure 7 schematically illustrates such a catalytic SILP material containing Rh-complexes dissolved in the ionic liquid film.
It is important to note that the idea to immobilize catalytically active salts or salt solutions on a support to obtain a solid heterogeneous-like catalyst system, maintaining the selectivity and efficiency of the homogeneous catalyst, is far from new. The principle of the concept was already described in 1968 [26] and has later been realized for organic reactions as gas-liquid phase-transfer catalysis (GL-PTC) [27] . In GL-PTC, organic reactions are conducted by a continuous-flow procedure in which the organic, gaseous reactants are converted by passing through a liquid phase-transfer catalyst supported on a porous, solid material. Usually, the liquid phase-transfer catalyst is composed of relatively stable and non-volatile, low melting tetraalkyl phosphonium salts with or without presence of additional co-catalysts, providing activation of anions to carry out reactions such as for example, halogen exchange, forming alkyl halides from alcohols, transesterification and isomerization [28] .
In a more fundamental regard the concept of confining catalytically active salts on supports may be regarded as a variation of the concept to support liquid phase catalysts. Other attempts to immobilize non-or low-volatile catalyst solutions on high surface supports have included the immobilization of pyrosulfates [29] , hydro-philic polymer glycols [30] , phtalates or water (i.e. supported aqueous phase, SAP) [31] .
Without doubt, these important studies have paved the way for the development of the SILP catalysis technology. However, using imidazolium based ionic liquids as supported liquids has shown to add tremendous potential to the general concept due to their great structural variability combined with their negligible vapour pressure.
Apart from the fact that many ionic liquids show excellent wettability for most inorganic supports they have been found in numerous studies to be highly suitable solvents for transition metal catalysed reactions [32] .
In comparison to liquid-liquid biphasic catalysis the SILP concept offers an optimum ionic liquid utilization (a small amount of ionic liquids is enough to obtain a large active surface of SILP catalyst) and avoids mass transfer limitation due to very short diffusion length in the ionic liquid film. In contrast, mass transfer limitations are frequently encountered in the case of liquid-liquid biphasic catalysis since many catalysts are very active in ionic liquids while the high ionic liquid viscosity restricts mass transfer rates. In such a case only a minor part of the ionic liquid and dissolved precious transition metal catalyst -namely the ionic liquid and the catalyst present in the diffusion layer of the ionic liquid droplet -are utilised during the catalysis. In a number of publications our group has recently demonstrated that this problem of mass transport limitation can be circumvented by using catalytic SILP materials [33] . Moreover, these catalysts allow the application of fixed-bed reactors for simple continuous processing when applied in combination with gaseous reaction mixtures making the separation and catalyst recycling obsolete. The use of catalytic SILP materials has been reviewed recently 25 covering Friedel-Crafts reactions [34] , hydroformylations (Rh-catalysed) [35] , hydrogenation (Rh-catalysed) [36] , Heck reactions (Pd-catalysed) [37] , and hydroaminations (Rh-, Pd-, and Zn-catalysed) [38] .
In the following chapter aspects of continuous SILP catalysis will be exemplified for the hydroformylation of propene and 1-butene.
Catalytic Hydroformylation Using SILP Catalysts in Acontinuous gas Phase Reaction
The hydroformylation of alkenes is one of the largest applications of homogeneous transition metal catalysis in industry. World-wide production capacities exceeded 8 mio t/year in 1995 [39] . Industrial hydroformylation catalysts are based on cobalt and rhodium complexes exclusively, with the rhodium processes operating at much milder conditions (typically 80 o C, 15 bar) than the cobalt processes (typically 200 o C, 300 bar). The aldehydes formed by the addition of hydrogen and carbon monoxide to the olefinic double bond are important precursors for e.g. plasticizers and detergent alcohols. Besides the desired linear n-aldehydes, branched iso-aldehydes are obtained in a parallel reaction as depicted in Scheme 2. The selectivity of the catalyst can be influenced by the use of certain ligand families such as sulfoxantphos (SulfoX) (see also Scheme 1) and is referred to as n:iso ratio or linearity (in %).
Scheme 2.
Propene hydroformylation using Rh-sulfoxantphos catalyst complex.
Hydroformylation is a very interesting benchmark reaction for all kind of catalyst immobilization techniques as most of the concepts ever evaluated to recycle homogeneous catalysts in continuous processes have been in detail evaluated for this reaction. Since 1984, propene hydroformylation is industrially applied in a liquid-liquid biphasic process (Ruhrchemie-Rhne-Poulenc process) using water as the catalyst phase [40] . Moreover, biphasic fluorous phase catalysis [41] , catalysis in microemulsions [42] and different types of supported liquid phase catalysis [43] have been applied.
In order to obtain a stable SILP catalyst system for continuous gas-phase hydroformylation a number of prerequisites have been identified. 33d The type of support and its pre-treatment has been found to have the most profound effect on SILP catalyst performance and stability. When silica was used as support a thermal pretreatment (500 o C, 15 h) was found to be necessary, by which a great part of the surface silanol groups were removed. But even the remaining acidic sites are able to "consume" some of the phosphine ligand making the use of a L/Rh ratio of 10 necessary to obtain a stable SILP hydroformylation catalyst. In contrast when using less acidic supports like TiO 2 , already the untreated material gave good results. The ionic liquid loading α (volume of ionic liquid per pore volume of support) had also a direct influence on the catalyst activity. At higher liquid loadings the activity decreased due to pore filling of the support which resulted in decreased interfacial reaction area. At lower ionic liquid loading there is an increasing chance for incomplete coverage of the support surface with the ionic liquid film. Catalyst materials without any ionic liquid present (α = 0) showed rapid deactivation thus confirming the need for the presence of the ionic liquid solvent to provide a homogeneous solvent environment on the support. The long-term stability and kinetic studies were carried out in a continuous fixed bed reactor setup as depicted in Figures 8 and 9 .
For a continuous experiment the supported ionic liquid phase (SILP) catalyst was filled into the reactor (4 in Figure 8 ) and the complete rig was evacuated at room temperature. The rig was pressurized with 50 bar helium and left under pressure for 30 min while monitoring the pressure. If no pressure drop was observed, the reactor was heated to reaction temperature under helium pressure. The complete setup was evacuated and flushed with helium three times before syngas and propene were fed into the system. Propene was taken from a reservoir in the liquid state and fed into a heated evaporator (2 in Figure 8 ) via a HPLC pump (1 in Figure 8 ) to control the molar flow of the substrate. Both carbon monoxide and hydrogen flows were adjusted by means of mass-flow controllers. The preheated gases were combined with the propene in the mixing unit (3 in Figure 8 ) which was filled with glass beads in order to ensure proper mixing and isothermal conditions. The gas mixture could then either enter the reactor (4 in Figure 8 ) or exit the system via a bypass. The reactor consisted of a stainless steel tube (10 mm diameter, 220 mm length) equipped with a bronze sinter plate for catalyst placement. After the reactor, the gas mixture passed a 7 µm filter in order to avoid contamination of the tubing with catalyst or solid particles. A back pressure regulator valve (Figure 8, 5 ) was used to maintain the desired reaction pressure and outlet gas flow. After the regulator valve, the gas stream was split and a minor flow was passed into a sampling loop mounted on a gas chromatograph. Samples were taken at regular intervals of 15 min by injecting the volume of the sampling loop via a 6-port valve into the GC. With this set-up it was possible to demonstrate the long-term stability of a Rh-sulfoxantphos/[BMIM] [n-C 8 H 17 OSO 3 ] catalysts supported on partly dehydroxylated silica in the selective, continuous, gas-phase hydroformylation of propene. Over 180 h time-on-stream no loss in selectivity for linear butanal (n/iso > 18) was observed during the experiments (Figure 10 ). The activity decreased by 17 % within 180 h timeon-stream due to formation of high boiling side-products (due to aldol condensation of the butanal products). However, these heavies could easily be removed from the catalyst by a vacuum procedure after which the initial activity could be regained (Figure 11 ). Beyond the hydroformylation example reported here, it is a very attractive feature of the SILP concept that the homogeneous catalyst is provided in a form that is accessible for periodic manipulations such as evacuation (to remove heavies), reduction, oxidation or alkylation (e.g. by adding periodically a reactive gas to the SILP reactor). This opens up many new options to study, activate or re-activate homogenous catalysts which are usually not possible to be realised when the catalyst is dis- solved in a bulk solvent.
Another very important general advantage of the SILP technology is the fact that it allows in a very elegant manner to study homogeneous catalysts in steady-state operation under a broad range of different reaction conditions. In the case of continuous SILP hydroformylation all results of these kinetic experiments provide additional strong support (besides spectroscopic evidence 33d ) for the fact that the SILP hydroformylation catalyst is indeed homogenously dissolved in the ionic liquid during the reaction. The activation energy determined for the SILP catalyst of 63.3 ± 2.1 kJ mol -1 is very comparable to the one found forhomogeneous hydroformylation in both ionic liquids and organic solvents. Moreover, the Rh-SILP catalyst performed very similar to a homogeneous catalyst with regard to variation in syngas composition. Higher hydrogen pressure increased the activity, accompanied by a slight decrease in selectivity. A higher CO pressure resulted in lower activities, however extremely high selectivities of up to 99.4 % (n:iso = 193.4) for n-butanal when the reaction was carried out at 65 o C. The dependence of selectivity with syngas composition was significantly less pronounced at 100 o C. Further evidence for the homogeneous nature of the catalyst could be added by a variation of the rhodium complex loading in the ionic liquid film. Increasing the Rh loading had a pronounced effect on the reaction rate, which increased almost linearly with c Rh up to a rhodium loading of 0.3 wt%. Thus the TOF of each SILP-Rh-center remained unchanged in this concentration range, indicating that each rhodium centre showed the same activity and no cluster formation occurred.
Apart from continuous propene hydroformylation also 1-butene hydroformylation was studied. Remarkably, a clear enhancement in both activity (TOFs up to 650 h-1 for 1-butene hydroformylation vs. 300 h-1 propene hydroformylation) and selectivity (n/iso of 50 for 1-butene hydroformylation vs. 20 for propene hydroformylation) could be noticed when comparing SILP-catalyzed hydroformylation of 1-butene and propene [44] . The same SILP catalyst showed a 2.5 fold higher activity when using 1-butene instead of propene at 100 o C. At 120 o C the activity was 2.1 times up, whereas the selectivity also increased from ca. 95 % to ca. 98 % n-aldehyde. This -at first surprising result -could be convincingly explainedby solubility measurements using a microbalance. In the pressure regime between 0 and 2.6 bar the 1-butene solubility in the ionic liquid [BMIM][n-C 8 H 17 OSO 3 ] was found to be 2.4 times higher compared to the propene solubility. In order to exclude capillary condensation a porous glass with a larger pore diameter of 30 nm was used instead of the standard silica support and approximately the same ratio in solubility was observed.
All work with SILP hydroformylation catalysts performed so far confirms the high technical potential of the SILP concept. Without doubt this concept combines classical homogeneous catalysis combined with heterogeneous, fixed-bed technology in a new, advanced manner. The specific material properties of imidazolium or pyridinium based ionic liquids make the difference to earlier concepts involving non-volatile ligands, water or phase Importantly, in both cases the almost non-volatile nature of the ionic liquid in use and their distinctiveness of being liquid over a large temperature range ensure that the catalyst phase retain on the material in its fluid state even at elevated temperatures. This makes SILP modified materials highly suitable for continuous processing, and further allows the use of traditional, gas-solid fixedbed reactor technology. In addition, a very large interfacial reaction area is obtained by ensuring a high degree of dispersion of the ionic liquid catalyst phase on the material surface, corresponding to a diffusion layer of only a few molecules of thickness. This provides a very efficient use of the still relatively expensive ionic liquid and circumvents diffusion problems which regularly are found for reactions involving bulk ionic liquids. Thus, the SILP concept allows preservation of high catalyst performance in a technologically simplified and sustainable way.
Additionally, the concept of catalytic SILP materials may be easily combined with several advanced process options providing new opportunities for accomplishing reactions. One attractive approach involves the conductance of consecutive, homogeneous reactions in sequences using several fixed-bed reactors in-series. Another approach involves implementation of integrated reaction-separation techniques using, e.g. SILP-membranes or the use of SILP materials in catalytic distillation processes. 
Continuous Catalytic Processes Using scCO 2 as Mobile Phase
Ionic liquids and scCO 2 are not competing concepts for the same catalytic applications. While ionic liquids can be considered as replacements for polar organic solvents, the use of scCO 2 can cover those applications where non-polar solvents are usually used. With regard to homogeneous transition metal catalyzed reactions, both media show complimentary strengths and weaknesses. While ionic liquids are known to be excellent solvents for many transition metal catalysts, the solubility of most transition metal complexes in scCO 2 is poor. Usually, a special ligand design is required to allow sufficient catalyst concentration in the supercritical medium. However, the product isolation from the solvent is always very easy in the case of scCO 2 , while the product isolation from an ionic catalyst solution can become more and more complicated depending on the solubility of the product in the ionic liquid and on the product's boiling point. Beckman, Brennecke and their research groups first realized that the combination of scCO 2 and an ionic liquid can offer special advantages. They observed that, although scCO 2 is surprisingly soluble in some ionic liquids, the reverse is not the case, with no detectable ionic liquid solubilisation in the CO 2 phase. Based on these results they described a method to remove naphtalene quantitatively from the ionic liquid [BMIM] [PF 6 ] by extraction with scCO 2 [45] . Subsequent work by Brennecke's team has applied the same procedure to extract a large variety of different solutes from ionic liquids, without observing any ionic liquid contamination in the isolated substances [46] .
Adding CO 2 to ionic liquids is not only an appropriate way to isolate high boiling organics from ionic liquids but has also a distinct and often very positive influence on many properties relevant for continuous catalytic processes. For example, Bennecke and coworkers have described a significant increase of the solubility of gases such as oxygen, nitrous oxide, ethylene, ethane etc. in ionic liquids [47] = 1-n-propyl-3-methylimidazolium). No catalyst decomposition was observed during the reaction time and Rh leaching into the scCO 2 /product stream was less than 1ppm. The selectivity for the linear hydroformylation product was found to be stable over the reaction time (n/iso = 3.1).
During the continuous reaction, alkene, CO, H 2 and CO 2 were separately fed into the reactor which contained the ionic liquid catalyst solution. The products and nonconverted feedstock were removed from the ionic liquid still dissolved in scCO 2 . After decompression, the liquid product was collected and analysed. The authors concluded from their results that the scCO 2 -ionic liquid biphasic system provides a method for continuous flow homogeneous catalysis with integrated separation of the products from the catalyst and from the reaction solvent. Most interestingly, this unusual, continuous biphasic reaction mode enables the quantitative separation of relatively high boiling products from the ionic catalyst solution under mild temperature conditions and without using an additional organic extraction solvent. Very recently, Cole-Hamilton and coworkers have also demonstrated that the use of compressed CO 2 is not only a way to continuously isolate reaction products from liquid ionic liquid phases but also appropriate to isolate reaction products from SILP catalysts in a continuous manner [51] . Slightly later and independently from Cole-Hamilton's pioneering work, our group demonstrated in collaboration with Leitner and coworkers that the combination of a suitable ionic liquid and compressed CO 2 can offer much more potential for homogeneous transition metal catalysis than being just a new protocol for easy product isolation and catalyst recycling. In the Ni-catalysed hydrovinylation of styrene it was possible to activate, tune and immobilise the well-known Wilke-complex by use of this unusual biphasic system (Scheme 2). Hydrovinylation is the transition metal catalysed co-dimerisation of alkenes with ethene yielding 3-substituted 1-butenes [52] . This powerful carbon-carbon bond forming reaction can be achieved with high enantioselectivity using Wilke's complex as a catalyst precursor [53] . In conventional solvents, this pre-catalyst needs to be activated with a chloride abstracting agent, e.g. Et 3 Al 2 Cl 3 . Interestingly, the specific environment of the ionic solvent system appears to activate the chiral Ni-catalyst beyond a simple anion exchange reaction. This becomes obvious by the fact that even the addition of a 100-fold excess of Li[(CF 3 SO 2 ) 2 N] or Na [BF 4 ] in pure, compressed CO 2 lead at best to a moderate activation of Wilke's complex in comparison to the reaction in ionic liquids with the corresponding counter ion.
In the continuous hydrovinylation experiments, the ionic catalyst solution was placed into the reactor R where it was in intimate contact with the continuous reaction phase entering from the bottom (no stirring was used in these experiments). The reaction phase was made up in the mixer from a pulsed flow of ethylene and a continuous flow of styrene and compressed CO 2 .
Over a period of over 61 h, the active catalyst showed a remarkably stable activity while the enantioselectivity dropped only slightly over this period. These results clearly indicate -at least for the hydrovinylation of styrene with Wilke's catalyst -that an ionic liquid catalyst solution can show excellent catalytic performance under continuous product extraction with compressed CO 2 .
It is noteworthy that continuous-flow operations using scCO 2 /IL's has been also successfully applied to biocatalysed reactions. Among others, Reetz and coworkers were able to demonstrate that kinetic resolution of alcohols is possible by lipase-catalysed alcohol esterification in IL's and subsequent continuous extraction of the ester derivatives with scCO 2 has been demonstrated [54] . Thus, the combination of ionic liquids and compressed CO 2 -which are on the extreme ends of the volatility and polarity scale -offers a new intriguing concept for continuous homogeneous catalysis. In comparison to catalytic reactions in compressed CO 2 alone, many transition metal complexes are much more soluble in ionic liquids without the need for special ligands. Moreover, the ionic liquid catalyst phase provides the potential to activate and tune the organometallic catalyst. Combining ionic liquids and compressed CO 2 product separation from the catalyst is possible without exposing the catalyst to a variation of temperature, pressure or substrate concentration. In contrast to the use of pure ionic liquid or the use of ionic liquid/organic biphasic systems, the presence of compressed CO 2 greatly decreases the viscosity of the ionic catalyst solution thus facilitating mass transfer during the catalytic reaction. Moreover, high boiling products with some solubility in the ionic liquid phase can be removed without use of an additional organic solvent.
